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The AC and DC ondutivity anisotropies in the low temperature orthorhombi phase of lightly
doped La2−xSrxCuO4 are asribed to the rotational symmetry broken, loalized impurity states
resulting from the trapping of doped holes by Sr ions. The two lowest-energy p-wave-like states
are split by orthorhombiity and partially lled with holes. This leaves a unique imprint in AC
ondutivity, whih shows two distint infrared ontinuum absorption energies. Furthermore, the
existene of two independent hannels for hopping ondutivity, assoiated to the two orthorhombi
diretions, explains quantitatively the observed low temperature anisotropies in DC ondutivity.
PACS numbers: 78.30.-j, 74.72.Dn, 63.20.Ry, 63.20.dk
Introdution − Understanding the evolution from a
Mott insulating behavior until the realization of high
temperature superondutivity in lamellar opper-oxides
is one of the most hallenging problems in ondensed
matter physis. It is widely agreed that t − J-like
models already apture the essential features of under-
doped uprates [1℄, suh as a Fermi surfae (FS) om-
posed of small pokets [2℄. However, while the rather
low frequeny of quantum Hall osillations observed in
YBa2Cu3O6.5 [3℄, as well as de Haas-van Alphen eet
[4℄, support the small FS senario, the validity of suh
strong oupling, single band desription has been reently
put under srutiny, after a new analysis of the optial
ondutivity spetra in La2−xSrxCuO4 [5℄. Further in-
formation an also be obtained through a areful analysis
of magneti, optial, and transport experiments, suh as
the ones performed in untwinned La2−xSrxCuO4 single
rystals, the simplest representative of this lass of om-
pounds [6℄. Understanding these experiments might ulti-
mately help us larify the role of interations in uprates.
Infrared (IR) spetrosopy is a very useful tool to in-
vestigate the harge dynamis in metals and semiondu-
tors. The analysis of the AC ondutivity spetrum of
La2−xSrxCuO4, for x = 0.03 and 0.04, by Dumm et al.
[7℄, revealed that: i) at high temperature, T > 80 K, a
Drude-like response is observed, suggesting that the ele-
troni ondutivity is bandlike even for suh low doping,
whih is onsistent with the mobility analysis of the DC
ondutivity [8℄; ii) at lower temperature, instead, the
suppression of the Drude-like behavior in the far IR, with
the observation of a peak entered at nite frequeny ω,
points towards the loalization of the harge arriers [9℄,
muh like as it happens in doped semiondutors. The
position of suh peak an be assoiated to the typial
energy sale for loalization, the binding energy of the
holes. Most remarkable, however, is the observation of
two distint absorption energies for light polarized along
the two orthorhombi axis, A− and B− hannels [7℄.
The DC ondutivity in lightly doped La2−xSrxCuO4
an also be divided into two main regimes: metalli (ban-
dlike) and insulating (hopping) [8, 10℄. At higher to mod-
erate temperatures, a simple Drude piture for the hole
ondutivity, σ = ne2τ/m∗, is able to explain (surpris-
ingly) quite well the rather weakly anisotropi DC on-
dutivity data. At lower temperature, however, when
the holes loalize, hopping ondutivity between impu-
rity sites beomes the main mehanism for the transport,
whih is found to be learly anisotropi and also exhibits
two dierent temperature sales for the onset of loaliza-
tion [10℄, also alled freezing-out temperatures [12℄, de-
pending on the diretion of the applied eletri eld.
In this letter we unveil the mehanism behind the un-
usual and anisotropi harge dynamis in lightly doped
La2−xSrxCuO4, summarized in the two preeding para-
graphs. We demonstrate that the two energy sales
found in the AC response are assoiated to the two
lowest-energy, parity-odd, rotational-symmetry-broken
p-wave impurity states for holes trapped by Sr ions in
La2−xSrxCuO4. Furthermore, we show that the exis-
tene of two independent impurity hannels for hop-
ping ondutivity, explains naturally the low tempera-
ture DC ondutivity anisotropies [10℄. The relationship
between a rotational non-invariant impurity state and
anisotropi DC response was rst aknowledged by Ko-
tov and Sushkov, who onsidered the deformation of a
single, parity-even, Hydrogeni 1s orbital due to spiral
orrelations [11℄. As we shall soon see, the seletion rules
for IR absorption, and the optial spetrum, are onsis-
tent, instead, with two parity-odd p-wave funtions [7℄.
Eletroni Struture − Aording to exat diagonal-
ization studies for the t − t′ − J model on a square lat-
tie [13, 14, 15℄, the ground state for a hole bound to
a Sr harged impurity at the enter of a 4-Cu plaquette
is doubly-degenerate and parity-odd. The presene of
the Sr impurity breaks the translational symmetry of the
square lattie and the dierent possible loalized states
2FIG. 1: (Color online) Top-Left: Sr ion at the enter of a 4-Cu
plaquette and the reetion axis Px, Py . Top-Right: Loalized
energy levels and their irreduible representations of the D4h
point group. The ground state Eu is doubly degenerate and
parity odd (note that we are using the hole piture here, so
the energy axis is reversed). Bottom-Left: A1g, B2g , and
Eu wave funtions. Bottom-Right: The deloalized hole has
dispersion with maxima at (±pi/2,±pi/2) and belongs to B2g .
an be lassied aording to the irreduible representa-
tions of the C4v point group, labeled by the eigenvalues
of the reetion operators Px and Py, (Px, Py) [15℄. The
doubly-degenerate ground state belongs then to the two-
dimensional E representation and orresponds to the de-
generate (+,−) and (−,+) states [13, 15℄. There is a
low-lying exited s-wave state whih belongs to A1, la-
beled by (+,+), and a higher energy d-wave state be-
longing to B2, labeled by (−,−) [15℄. For the ontinuum
part, the single deloalized hole state of the t − t′ − J
model is labelled by its momentum k and orresponds
to the maxima of the parity-even elliptial hole pokets
entered at (±π/2,±π/2)g (in units a = 1), see Fig. 1.
In what follows, however, it will be more onve-
nient to onsider expliitly the symmetry redution in
La2−xSrxCuO4 from the high temperature tetragonal
(HTT) phase, with rystal struture I4/mmm and point
group D4h, down to the low temperature orthorhombi
(LTO) phase, with Bmab rystal struture (a and b are
the two planar orthorhombi axis shown in Fig. 1, with
b > a) and assoiated D2h point group. In this ase,
the double degeneray of the ground state is lifted by
the orthorhombiity, and the harater of the parity-odd
ground state is redued following Eu → B2u+B3u. Anal-
ogously, the higher energy states are redued aording
to A1g → Asg and B2g → A
d
g. Finally, also the single
deloalized hole state, labelled by (±π/2,±π/2)g, has its
symmetry modied from B2g → Ag.
Following Kohn and Luttinger (KL) [16℄,
the wave funtions orresponding to the i =
B3u, B2u, A
s
g, A
d
g states an be generally written as
Ψi =
∑
µ α
i
µF
i
µ(r)φ(kµ, r), where φ(kµ, r) = e
ikµ·rukµ(r)
and ukµ(r) is a periodi Bloh wave funtion with minima
at kµ = k
±
a,b. The index µ runs over the k
+
a = (π/2, π/2),
k
+
b = (−π/2, π/2), k
−
a = (−π/2,−π/2), and
k
−
b = (π/2,−π/2) pokets, and the envelope fun-
tions read F iµ(r) = (πξ
2)−1/2 e−r/ξ
i
, where ξi ontrols
the exponential deay of the wave funtion for the
i-th impurity level. The parity-odd oeients,
αB3uµ = (1/2)(1, 0,−1, 0) and α
B2u
µ = (1/2)(0, 1, 0,−1),
as well as the parity-even ones, α
Ag ,s
µ = (1/4)(1, 1, 1, 1)
and α
Ag ,d
µ = (1/4)(1,−1, 1,−1), are determined by
the relevant symmetries of the Bmab point group [16℄.
The KL Ψi wave funtions (see Fig. 1) do not inlude,
however, the information that the holes are inoherent
over a large part of the pokets [2℄. These eets will be
reported elsewhere and for now it sues to aknowledge
the p-orbital shape of the lowest energy impurity states.
The orthorhombi splitting Eu → B3u +B2u is deter-
mined by the ompetition between the Coulomb potential
from the Sr ion, whih favors a B3u ground state (b > a),
and the next-to-nearest-neighbor hopping t′a > t
′
b [17℄,
whih favors a B2u ground state. In what follows we
shall argue that: i) for x = 0.01, when the Sr ion is poorly
sreened, the B3u state beomes the ground state; ii) for
x = 0.03, instead, the B2u state beomes the ground state
(most likely due to better sreening), ausing a swith of
the DC ondutivity anisotropies (a related swith is also
observed in the Raman intensity anisotropies [19℄).
AC spetrum and IR Seletion Rules − The -
nite frequeny peaks observed in the AC spetrum of
La2−xSrxCuO4 for x = 0.03, 0.04 [7℄ are related to the
absorption, by the ontinuum, of the photoionized hole
states, made possible by the eletri-dipole oupling.
Within the framework of the D2h group, a dipole along
the a/b axis belongs to the B3u/B2u irreduible repre-
sentations, respetively. Sine the single deloalized hole
belongs to Ag, the only allowed eletri dipole transi-
tions are: i) absorption of a B3u hole for E ‖ a, sine
B3u × B3u = Ag; ii) absorption of a B2u hole for E ‖ b,
also beause B2u × B2u = Ag, see Fig. 2, determining
unambiguously the odd parity of the ground state.
The energy dierene between the AC peaks at ε0−εA,
for the A− hannel, and at ε0 − εB, for the B− hannel,
is a diret measure of the orthorhombi level splitting.
For x = 0.03, 0.04 suh splitting is ∼ 30 K [7℄, and the
B3u state is shallower than the B2u state, see Fig. 2. For
x = 0.01, in turn, we shall argue that this situation is
reversed, ausing the DC anisotropy swith [19℄.
Disorder Bandwidth − Eah Sr ion doped into
La2−xSrxCuO4 ats as an aeptor and introdues pre-
isely one hole into the system. Nevertheless, a sizable
bandwidth of disorderW an allow for unoupied aep-
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FIG. 2: (Color online) Loalized deep and shallow aeptor
states, as well as ontinuum states, for x = 0.03 (again, the
energy axis is reversed). A bandwidth W allows for empty
sites above µ and sites with two holes below µ. Both B2u and
B3u states are partially oupied at T = 0, in frations δA and
δB , and provide dierent populations of pokets at T 6= 0.
tor sites above the hemial potential and, as imposed by
harge neutrality, aeptor sites with two holes below it,
see Fig. 2. Observe that even though double oupany
of the B2u or B3u levels is forbidden due to the large on-
site Coulomb repulsion U , the rather large size of the two
orthogonal p-wave-like orbitals allows for the presene of
one hole at eah of the B2u and B3u levels, independently,
with small energy ost. More importantly, the fration
(or perentage) of empty B2u states above µ in Fig. 2,
1 − δB , is the same as of lled B3u states below it, δA,
suh that the number of arriers partiipating in hopping
ondutivity for both hannels is the same.
Hopping Regime − The ondutane due to phonon
assisted hopping between two p-wave like orbitals at sites
i and j, separated by a distane Rij , reads
Gij = G
σ
0 cos
4Θij
{
e−∆Eij/kBT e−2Rij/ξ
}
, (1)
where ∆Eij is the energy dierene between the two im-
purity sites, and Θij is the angle between Rij and the di-
retions of the p-orbitals. Here we onsidered only σ-type
overlaps, Gσ0 , and negleted the weaker π-type overlaps.
When the temperature is still reasonably high the hole
at site i an hop to its nearest impurity site j, as long as
this is not already oupied, in the nearest impurity hop-
ping (NIH) regime [20℄. The ondutivity is alulated
by replaing in (1): 〈Rij〉 = R˜, 〈∆Eij〉 = ǫc, and averag-
ing out 〈cos4Θij〉, where R˜ and ǫc are, respetively, the
average inter-impurity distane and energy dierene
σNIH(T ) = σ0 exp
[
−
(
ǫc
kBT
)]
. (2)
When the temperature is very small, however, Gij is de-
termined by the ritial ondutane Gc of a perolated
random resistane network (RRN) [21℄. In this ase,
the maximum: i) arrier jump distane Rmax, ii) energy
dierene ∆Emax, and iii) angle Θmax, are onstrained
through the density of states. The result is Mott's vari-
able range hopping (VRH), that for d = 2 reads [12℄
σV RH(T ) = σ0 exp
[
−
(
T0
T
)1/3]
, (3)
where T0 = 13.8/kBNΘ(µ)ξ
2
, and NΘ(µ) is the onstant
density of states lose to the Fermi level within the solid
angle determined by 2Θmax (for the isotropi VRH ase
2Θmax = 2π). Both ǫc and T0 derease with doping, and
the rossover between NIH and VRH regimes ours at
ǫc = −d ln (σV RH(T ))/dβ, with β = 1/kBT [20℄.
DC Hopping Condutivity Anisotropy − The DC on-
dutivity for arbitrary diretion of the eletri eld re-
eives ontribution from both hannels, σB2u (T ) and
σB3u(T ), where σ(B2u,B3u)(T ) are hopping ondutivities
between two B(2u,3u) → B(2u,3u) states, either NIH or
VRH, whih is assisted by the strong Ag phonons, while
the ross hopping between B2u ⇋ B3u will be negleted,
sine these involve the muh weaker B1g phonons.
Most importantly, sine the ondutivity is propor-
tional to the square of the arrier distane jump pro-
jetion into the diretion of the eletri eld, (Rij · eˆ)
2
,
σeˆB2u = σ
V RH
B2u (T )
∫ Θmax
−Θmax
cos4Θcos2 (β −Θ)dΘ, (4)
where β is the angle between eˆ and the B2u orbital (for
the B3u ase we would have sin
2 (β −Θ) instead). Now,
for E ‖ a, b and Θmax ≪ π/4, we have σaB3u/σ
b
B3u
≫ 1,
for the B3u hannel, and σ
a
B2u
/σbB2u ≪ 1, for the B2u
hannel, showing that the ondutivity for E ‖ a is dom-
inated by σA(T ) ≈ σaB3u (T ), while for E ‖ b it is dom-
inated by σB(T ) ≈ σbB2u (T ). Finally, the orthorhombi
splitting between these two hannels, with ξB3u 6= ξB2u ,
renders the DC hopping ondutivity anisotropi.
Drude Regime − At high temperature the doped holes
are ionized from the B3u and B2u impurity levels, to
oupy the valene band poket states at k
±
a and k
±
b , re-
spetively, see Fig. 2. For E ‖ a(b), the transport is dom-
inantly due to the oherent holes with momenta along
ka(kb) and mass m
∗
, and a simple Drude model
σA,BDrude =
〈nA,B2D 〉e
2τ
c0m∗
, (5)
sues to desribe the experimental data. Here e is the
eletri harge, c0 = 6.6 Å is the interlayer distane, and
1/τ is the relaxation rate. The thermal ativation of ar-
riers is onsidered through the average thermal oupa-
tion 〈nA,B2D 〉 = 2n
0
2DδA,B/(1 +
√
1 + 4g(n02D/N0)e
βεA,B
f ),
where g = 2 aounts for pseudospin (sublattie) degen-
eray, N0 = N0 T , with N0 being the two dimensional
density of states, δA,B are the T = 0 frations of B3u,2u
4FIG. 3: (Color online) Fration of thermally ionized holes and
DC ondutivities in (m·Ω·m)−1, for x = 0.01, 0.03.
impurities, satisfying δA+δB = 1, ε
A,B
f = (ε0−εA,B) are
the freezing out (or binding) energies, and n02D = x/a
2
.
Comparison with Experiments − In Fig. 3 we show the
omparison between theory and DC ondutivity data
for x = 0.01, 0.03. For 4g(n02D/N0)e
βεA,B
f ≫ 1, low T ,
σDrude is exponentially suppressed and the data are well
tted using the σV RH and σNIH expressions (3) and
(2), respetively. For 4g(n02D/N0)e
βεA,B
f ≪ 1, instead,
at higher T , when almost the totality of holes are ion-
ized, σDrude dominates and we an use Eq. (5). Finally,
we use 1/τ(T ) data obtained from ts to the mobility
µ = eτ/m∗ [8℄, whih an be well parametrized by the
simple Fermi liquid expression 1/τ(T ) = 1/τ0 + αT
2
.
For x = 0.01 we nd: i) TA0 = 32829 K, ǫ
A
c = 125.09
K, and δA = 0.52, for E//a, and ii) T
B
0 = 30878 K, ǫ
B
c =
99.97 K, and δB = 0.48, for E//b. Notie that the ratio
TA0 /T
B
0 = ε
A
f /ε
B
f > 1, indiating that the B3u state is
the ground state, is slightly more populated, and the B3u
and B2u splitting is very small. Here we used ε
A
f = 200 K
and εBf ≈ 180 K, and N0 ≈ 1.8× 10
−3
K
−1/a2. We note
that the NIH regime extends up to 250 K, when weighed
by the thermal oupation of loal levels.
For x = 0.03 we nd: i) TA0 = 94.38 K, ǫ
A
c = 15.2 K,
and δA = 0.4, for E ‖ a, and ii) TB0 = 107.2 K, ǫ
B
c = 24.1
K, and δB = 0.6, for E//b. Notie that we now have
TA0 /T
B
0 = ε
A
f /ε
B
f < 1, and the B2u state beomes the
ground state. The B2u and B3u splitting is muh larger,
around 30K, in agreement with [7℄. We used εBf = 110
K, εAf ≈ 80 K [7℄, and we use the same value for N0.
Anisotropy Swith at High T − Due to the existene
of two regimes for ondutivity, hopping and Drude, a
swith of anisotropies is expeted to our at high T [10℄.
For x = 0.02−0.04, we nd σA > σB at very low T , sine
they all have a B2u ground state, while σA < σB at high
T [10℄, sine 〈nA2D〉 < 〈n
B
2D〉, see Fig. 3. For x = 0.01,
whih has a B3u ground state, the same analysis apply.
However, sine 〈nA2D〉 is only slightly larger than 〈n
B
2D〉,
we observe a smooth onvergene of ondutivities for
120 < T < 250 K, Fig. 3, and a regime with σA > σB
would our only at muh higher T (not measured).
The values for n03D = n
0
2D/c0, m
∗ ≈ 4me, and ε
A,B
f ,
are all onsistent with Hall oeient [22℄ and optial
ondutivity [7, 23℄.
Conlusions − In lightly doped La2−xSrxCuO4, orre-
lations open a Mott gap in the spetrum, plae the top
of the valene band lose to (±π/2,±π/2), and stabilize
a parity-odd ground state. One the stage is set, the pe-
uliar AC and DC responses an be promptly desribed
using basi onepts from p-type semiondutor physis.
In partiular, all the novel anisotropies arise from the
parity-odd, rotational-symmetry-broken deep and shal-
low aeptor levels, whih are split by orthorhombiity.
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